Mesoporous silica SBA-15 containing propyl-iron-phosphonate groups were considered to confirm their molecular structure. To detect the iron-containing group configuration the Mössbauer spectroscopy was used. Both mesoporous silica SBA-15 containing propyl-iron-phosphonate groups and pure doping agent (iron acetylacetate) were investigated using Mössbauer spectroscopy. The parameters such as isomer shift, quadrupole splitting, and asymmetry in 57 Fe Mössbauer spectra were analyzed. The differences in Mössbauer spectra were explained assuming different local surroundings of Fe nuclei. On this base we were able to conclude about activation of phosphonate units by iron ions and determinate the oxidation state of the metal ion. To examine bonding between iron atoms and phosphonic units the resonance Raman spectroscopy was applied. The density functional theory (DFT) approach was used to make adequate calculations. The distribution of active units inside silica matrix was estimated by comparison of calculated vibrational spectra with the experimental ones. Analysis of both Mössbauer and resonance Raman spectra seems to confirm the correctness of the synthesis procedure. Also EDX elemental analysis confirms our conclusions.
Introduction
Recently, many research efforts have been focused on design and synthesis of functional materials based on porous silica matrix and transition metal-containing active groups not only due to their attractive architectures but also for potential applications [1] [2] [3] [4] [5] [6] . A wide synthesis activity enabled the synthesis routines control of the mesoporous silica with variable size (2-20 nm) of pores. Additionally, several functional groups grafted either in the pores or in the wall structures were successfully obtained [7] [8] [9] . The synthesis of such samples which would contain the functional groups homogeneously distributed in the host matrices is still the main challenge. These functional groups, if successfully anchored in the silica-based architecture, can offer fine-tuned physical properties (electronic, magnetic, and optical).
The paper concerns the mesoporous silica SBA-15 functionalised by the propyl-iron-phosphonate units. The molar concentration of the propyl-iron-phosphonate units in the silica matrix is 10% (1 silano-propyl-Fe-phosphonate group per 9 SiO 2 groups). Our intention is to report an original approach to probing the synthesis efficiency, in particular, the activation efficiency and homogeneity of the active units distribution. The molecular structure of the species was detected using Mössbauer spectroscopy and confirmed by Raman scattering supported by DFT simulations. As a complementary research we carried out EDX elemental analysis.
Mössbauer spectroscopy is very useful to study structural and physical properties of many inorganic and organic materials, especially iron-containing species. Mössbauer parameters deliver valuable information about the electronic configuration of 57 Fe atoms and their surroundings. On the base of 2 Journal of Nanomaterials comparative analysis of the Mössbauer spectroscopy carried out for the pure doping agent and target compound it is possible to determine whether the transition of phosphonate units into iron-phosphonate units occurred. Moreover we were able to determine the oxidation state of the iron ion. The electronic state of the iron ion, obtained in the Mössbauer spectroscopy, was confirmed by the EPR spectroscopy. The Raman scattering measurements combined with numerical models seem to be an adequate approach to check the correctness of molecular configurations in the samples. The assignment of bands in the experimental Raman spectrum is necessary to detect the spectral changes in the hydrogen-bonded active groups. Moreover the EDX elemental analysis helps you find the correct molar proportions between key radicals.
Materials and Methods
Synthesis of the mesoporous silica SBA-15 functionalised by propyl-phosphate-iron units was done by cocondensation of tetraethylorthosilicate (TEOS) and phosphonatepropyltriethoxysilane (PPTES) with presence of surfactant (Pluronic P123). The main part of the procedure was described in detail in our previous work [10, 11] with one difference: the iron(II) acetylacetonate (Fe(acac) 2 ) was used as the doping agent. Resulting iron-containing SBA-15 silica compound is called SBA-propyl-POO 2 Fe.
The 57 Fe Mössbauer spectra of powdered samples were recorded at room temperature with a 57 Co source (Rh matrix) in transmission geometry. The velocity was calibrated using a -Fe foil. Mössbauer spectra were analyzed by the leastsquare fitting of Lorentzian lines using the Normos program [12] .
For the spin state confirmation of the iron ions we measured our samples with EPR spectrometer. EPR measurements were conducted on a Bruker EMX continuous-wave (CW) X-band (9.5 GHz). The spectra were recorded with microwave power in the range of 20-200 mW using magnetic field modulation of about 5 G. EPR measurements at variable temperatures (10-300 K) were performed by an Oxford Instruments cryostat.
Resonance Raman measurements were carried out at room temperature in the range from 300 to 4000 cm −1 . A Raman spectrometer (Nicolet Almega XR) was equipped with a Nd:YAG laser. The experiments were carried out at 532 nm and the laser was operated at a power level of 40 mW. The spectral resolution of the spectrometer was equal to 1 cm −1 . The same experimental conditions were kept for all the investigated samples.
DFT simulations were carried out in order to find characteristic Raman bands. All theoretical calculations were carried out using the GAUSSIAN 09 package [13] with default convergence criteria applied. The geometry of the model molecule enriched of metal ion was fully optimized at the level of B3LYP [14] with the 6-31G(d,p) basis set, as the most suitable for metal-containing SBA-15 silica model. After geometry optimization, the Raman vibrational modes were calculated using the same method and basis set. The assignment of the calculated Raman bands was done on the basis of PED analysis [15, 16] and aided by the animation option of the GaussView 5.0 graphical interface for Gaussian programs [17] , which gave a visual representation of the vibrational modes shape. As far as PED analysis is concerned, the calculations were carried out in VEDA software [18] . By combining the results of the visualization with potential energy distribution (PED) we obtained very accurate description of the molecules vibrations. The procedure was described in detail in [19] .
The EDX quantitive elemental analysis was carried out using the FEI Tecnai G2 20 X-TWIN electron microscope, equipped with emission source LaB6, CCD camera FEI Eagle 2K, and X-Ray microanalyzer EDX.
Results and Discussion
The main problem occurring during synthesis of functionalised SBA-15 mesoporous silica lies in the homogeneous distribution of functional groups. The key stage in the synthesis of this functional material is the functionalisation of precursor groups (propyl-phosphonic acid) by doping agents (Fe(acac) 2 ). The one-step synthesis of SBA-15 silica containing precursor groups is not treated as a critical point of the synthesis. The cocondensation method guarantees the homogeneity of distribution of precursor groups in the silica matrix. Nevertheless we are able to probe the key stage of the synthesis route by using of molecular spectroscopy methods: Mössbauer and Raman.
The Mössbauer spectra were recorded for two kinds of samples: mesoporous silica containing propyl-Fe-phosphate groups and Fe(acac) 2 as the doping agent. In the case of full activation (each precursor group activated by iron) the environment of Fe ions should be different in comparison with the environments in the doping agent, and the differences in the environments should be reflected in Mössbauer spectra. Both spectra (Figure 1 ) were compared taking into account isomer shifts (IS), quadrupole splitting (QS), line widths (Γ) ( Table 1) , and the asymmetry of the doublets.
The parameters collected in Table 1 seem not to vary significantly for both samples; however, the detailed analysis reveals some important differences. The IS and QS values can indicate the high-spin Fe 3+ oxidation state [20, 21] or low-spin Fe 2+ state [22] . The doping agent (Fe(acac) 2 ) was a commercial product purchased from Sigma-Aldrich as a high-purity compound in oxidation state 2+, so the most probable state of iron ions is Fe 2+ , = 0. The EPR research did not show any signal in the temperature range from 10 to 300 K, which can confirm that our sample contains ferrous ions with spin = 0. Both spectra show the relatively Journal of Nanomaterials high values of the line widths. Such a broadening can arise mainly from relaxation effects or from isomer shift and quadrupole splitting distributions. In this paper we consider the quadrupole splitting distribution, with the assumption of linear dependence between the IS and QS values. The use of the distribution procedure applied in the Normos package which gave the QS distributions is shown in Figure 2 .
We can see one intensive broad peak and a few smallintensity peaks for higher values of the quadrupole splitting. The latter small peaks can be connected with the relatively long "wings" in the Mössbauer spectra ( Figure 1 ) and they do not have a physical meaning. The intensive broad peaks in the distributions (Figure 2 ) indicate that each sample contains iron ions with the same electron configuration (in this case: Fe 2+ , = 0) and continuously distributed quadrupole splittings caused by distribution of the electric field gradient (EFG) around Fe 2+ ions. Local distortions of bond lengths and angles can lead to wide range of local environments of Fe 2+ ions and next to the continuous distribution of quadrupole splittings. Different kinds of asymmetry observed in the spectra (Figures 1(a) and 1(b) ) can be connected with varying values of the linear parameters in the relationship IS = (QS) for the mesoporous silica containing propyl-Fephosphate groups and Fe(acac) 2 samples. A slight shoulder observed in the distribution for SBA-propyl-POO 2 Fe spectrum (Figure 2(b) ) indicates contribution of additional doublet from the doping agent Fe(acac) 2 . We tried to fit the SBApropyl-POO 2 Fe spectrum (Figure 1(b) ) by two doublets and, taking into account the areas under the doublets, we found that contribution of the doping Fe(acac) 2 is negligible (less than 0.1%). It means that practically all propyl-phosphonic acid precursor groups were functionalised by the Fe(acac) 2 agents (two different surroundings of iron ions in samples). The Raman spectroscopy supported by numerical simulations fully confirms the results presented above. The indepth analysis of this case was available in [19] ; therefore we present only a brief overview of the results. Two samples were analyzed under this technique: SBA-15 mesoporous silica Figure 3 : The juxtaposition of the Raman spectra for silica containing propyl-phosphonic acid and propyl-iron-phosphonate units, theoretically calculated (a) and experimental (b). Main characteristic bands (bands appearing in only one species) are marked as coloured bands.
containing propyl-phosphonic acid groups (SBA-propyl-PO(OH) 2 ) as the reference and SBA-15 mesoporous silica containing propyl-iron-phosphate groups (SBA-propyl-POO 2 Fe). Both samples were obtained during the same synthesis route, but in other steps (SBA-15 containing propylphosphonic acid groups are a precursor of a SBA-15 containing propyl-Fe-phosphate groups). The DFT simulations for models of considered molecules enabled the precise identification of the vibrations origins. Characteristic Raman frequencies were found by comparison of theoretically calculated spectra (DFT method) and selecting peaks that are different for both samples. We expect that, for successful functionalisation, each propyl-phosphonic acid group will be transferred into propyl-iron-phosphate group. As a result we should find in the spectrum of SBA-propyl-PO(OH) 2 features originated from propyl-phosphonic acid groups, which are not present in the spectrum of SBA-prop-POO 2 Fe. And, vice versa, in the spectrum of SBA-propyl-POO 2 Fe we should find peaks created by the propyl-iron-phosphate groups vibration, which should be invisible for the SBA-propyl-PO(OH) 2 spectrum. The juxtaposition of the theoretical Raman spectra with the experimental ones for considered samples can be seen in Figure 3 (a) (theoretically calculated) and in Figure 3 (b) (experimental). The most significant theoretical vibrations for SBApropyl-PO(OH) 2 are located within 3320-3380 cm −1 region while SBA-propyl-POO 2 Fe displays peak at 670 cm −1 . The first one comes from the O-H stretching modes of the phosphonic acid groups in SBA-propyl-PO(OH) 2 . The ironcontaining species vibration at 667 cm −1 can be assigned to deformation of the propyl-iron-phosphate unit. The analysis of these regions in experimental spectra can give information about the synthesis efficiency.
Indeed, in the experimental spectra of the ironcontaining specimen we can observe distinguishable peaks at 674 cm −1 coming from complex vibration of the propylFe-phosphate group. For SBA-propyl-PO(OH) 2 the region within 640-1300 cm −1 seems to be flat. This indicates that iron is joined through the propyl-phosphate groups in the silica matrix.
In the case of SBA-propyl-PO(OH) 2 the well-resolved peak can be observed at about 3350 cm −1 . These vibrations can be assigned to stretching modes of the phosphonic acid groups, particularly, asymmetrical stretching of hydroxy units. The region above 3100 cm −1 did not contain any Raman bands in the case of the SBA-propyl-POO 2 Fe, which can prove the absence of the phosphonic acid groups in this sample. This is the result of the complete functionalisation; phosphonic acid groups are not present in the sample.
The quantitive EDX analysis was carried out for ironcontaining silica sample as a supplementary research, in order to confirm our previous results. The EDX spectrum is shown in Figure 4 and quantification results are presented in Table 2 .
It is clearly seen that the SBA-prop-POO 2 Fe sample has almost assumed quantity of iron; the molar ratio of silicon to phosphorous and silicon to iron is equal to 10.707 and 11.815, respectively. This lead to a conclusion that almost each phosphonic acid group was activated by iron. Minor deficiency of iron is caused by propyl-phosphonic acid groups incorporated in silica walls. Figure 4 : The EDX spectra of SBA-prop-POO 2 Fe sample. For better visibility, region between 2 and 6 keV (no peak observed) has been removed.
Conclusion
The Mössbauer spectroscopy was applied to examine the functionalisation efficiency of the iron-containing mesoporous silica SBA-15. This SBA-15 containing propyl-ironphosphate was investigated in comparison with Fe(acac) 2 as the doping agent. Comparative analysis of the spectra and obtained parameters has shown that for both investigated samples only one electron configuration of ferrous ions can be observed (there is no excess of the doping agent inside iron-containing mesoporous samples). Mössbauer parameters indicate low-spin Fe 2+ ( = 0) for both samples. The low-spin state of ferrous ions was also confirmed in the EPR spectroscopy. The abovementioned results show that the activation process runs according to synthesis assumptions and phosphonic acid groups are activated to iron-phosphate. The success of the activation process was also confirmed by Raman scattering supported by numerical simulations and EDX elemental analysis.
